In oxygenic photosynthesis there are two 'light states' -adaptations of the photosynthetic apparatus to spectral composition that otherwise favours either photosystem I or photosystem II. In chloroplasts of green plants the transition to light state 2 depends on phosphorylation of apoproteins of a membrane-intrinsic antenna, the chlorophyll-a/b-binding, light-harvesting complex II (LHC II), and on the resulting redistribution of absorbed excitation energy from photosystem II to photosystem I. The transition to light state 1 reverses these events and requires a phospho-LHC II phosphatase. Current structures of LHC II reveal little about possible steric effects of phosphorylation. The surface-exposed N-terminal domain of an LHC II polypeptide contains its phosphorylation site and is disordered in its unphosphorylated form. A molecular recognition hypothesis proposes that state transitions are a consequence of movement of LHC II between binding sites on photosystems I and II. In state 1, LHC II forms part of the antenna of photosystem II. In state 2, a unique but as yet unidentified 3-D structure of phospho-LHC II may attach it instead to photosystem I. One possibility is that the LHC II N-terminus becomes ordered upon phosphorylation, adopting a local alpha-helical secondary structure that initiates changes in LHC II tertiary and quaternary structure that sever contact with photosystem II while securing contact with photosystem I. In order to understand redistribution of absorbed excitation energy in photosynthesis we need to know the structure of LHC II in its phosphorylated form, and in its complex with photosystem I.
In oxygenic photosynthesis there are two 'light states' -adaptations of the photosynthetic apparatus to spectral composition that otherwise favours either photosystem I or photosystem II. In chloroplasts of green plants the transition to light state 2 depends on phosphorylation of apoproteins of a membrane-intrinsic antenna, the chlorophyll-a/b-binding, light-harvesting complex II (LHC II), and on the resulting redistribution of absorbed excitation energy from photosystem II to photosystem I. The transition to light state 1 reverses these events and requires a phospho-LHC II phosphatase. Current structures of LHC II reveal little about possible steric effects of phosphorylation. The surface-exposed N-terminal domain of an LHC II polypeptide contains its phosphorylation site and is disordered in its unphosphorylated form. A molecular recognition hypothesis proposes that state transitions are a consequence of movement of LHC II between binding sites on photosystems I and II. In state 1, LHC II forms part of the antenna of photosystem II. In state 2, a unique but as yet unidentified 3-D structure of phospho-LHC II may attach it instead to photosystem I. One possibility is that the LHC II N-terminus becomes ordered upon phosphorylation, adopting a local alpha-helical secondary structure that initiates changes in LHC II tertiary and quaternary structure that sever contact with photosystem II while securing contact with photosystem I. In order to understand redistribution of absorbed excitation energy in photosynthesis we need to know the structure of LHC II in its phosphorylated form, and in its complex with photosystem I. Bennett (1977) reported that chloroplast membrane polypeptides become labelled with 32 P, either from 32 P-orthophosphate supplied to a suspension of isolated, intact pea chloroplasts, or from [ -32 P]ATP present in a suspension of pea thylakoid membranes. The polypeptides retained the radioactive label after separation by sodium dodecyl sulfate-polyacrylaminde gel electrophoresis (SDS-PAGE), indicating posttranslational, covalent modification by phosphorylation. The most conspicuous phosphoproteins had apparent molecular masses of 26 and 9 kDa. Bennett identified two phosphoprotein bands at about 26 kDa as polypeptide components of the 'chlorophyll-a/b-binding protein' of a green pigment-protein complex (Thornber 1975) , also known as the chloroplast light-harvesting pigment-protein complex of photosystem II, LHCP, or LHC II (Bennett 1979a) . LHC polypeptides are encoded in the cell nucleus, synthesized on cytosolic ribosomes, and imported into the chloroplast as precursors. The 9 kDa phosphoprotein was eventually identified as the product of the chloroplast psbH gene, and as a single transmembrane-helix component of photosystem II.
A brief history of chloroplast protein phosphorylation
Phosphorylation of thylakoid membrane proteins was seen to occur in the light and not in the dark, so the membrane-bound LHC II kinase is light-dependent (Bennett 1979b) . The phospho-LHC II phosphatase (Bennett 1980 ) is light-independent and sensitive to inhibition by sodium fluoride.
Excitation energy re-distribution
Phosphorylation of LHC II correlates with an ATP-induced decrease in chlorophyll fluorescence yield of thylakoids at room temperature (Bennett et al. 1980b) . Variation in room temperature fluorescence yield is a property of photosystem II, so LHC II phosphorylation was assumed to divert absorbed excitation energy away from photosystem II. Phosphorylation of LHC II is also accompanied by changes in low-temperature (77 K) fluorescence emission spectra that indicate re-distribution of absorbed excitation energy to photosystem I at the expense of photosystem II (Bennett et al. 1980b ).
Control by the redox state of the plastoquinone pool
The light-dependency of LHC II phosphorylation was suggested to be a consequence of photosynthetic electron transport, and a reasonable expectation at the time was that the LHC II kinase is activated, like other chloroplast components, by thioredoxin and reduced ferredoxin, accepting electrons from photosystem I (Bennett 1979b) . However, experiments designed to test this idea suggested that the site of redox control of LHC II kinase activity lies, instead, between photosystem I and photosystem II, most likely at the level of the plastoquinone pool (Bennett et al. 1980a . The room-temperature fluorescence changes and low-temperature spectra reporting on redistribution of excitation energy appeared to be regulated in the same way -by plastoquinone redox state, with phosphorylation and its effects being activated when plastoquinone is in its reduced form, plastoquinol . It was proposed that control of distribution of absorbed excitation energy by redox state of plastoquinone accounted for the phenomenon of state transitions, that is, the physiological redistribution of absorbed excitation energy seen in algal cell cultures and leaves of higher plants (Bennett et al. 1980a , Horton and Black 1980 . In light at wavelengths absorbed preferentially by photosystem II, 'light 2', photosystem II transports electrons faster than photosystem I, plastoquinone becomes reduced, the LHC II kinase is activated, and phospho-LHC II supplies absorbed excitation to the reaction centre of photosystem I as if to correct the wavelength-dependent imbalance in energy distribution between photosystem I and photosystem II. Conversely, in 'light 1', photosystem I runs faster than photosystem II, plastoquinone becomes oxidized, the kinase is inactive, and the light-independent phospho-LHC II phosphatase activity predominates, returning a proportion of absorbed excitation to photosystem II at the expense of photosystem I. This general mechanism, outlined in Fig. 1 , is consistent with redox effects on the ATP-induced fluorescence quenching and 32 P-labelling of LHC II ). The mechanism is also supported by induction of phosphorylation by light 2 and of dephosphorylation by light 1; by inhibition of the state 1 transition by the phosphoprotein phosphatase inhibitor sodium fluoride; and by a close match between the kinetics of phosphorylation and dephosphorylation with fluorescence changes that monitor the transitions to state 2 and to state 1, respectively, in thylakoids isolated from pea chloroplasts (Telfer et al. 1983) and Chlorella cells (Saito et al. 1983) .
The protein kinase acting on LHC II was identified by Depege et al. (2003) from chlorophyll fluorescence imaging to screen for state transition-deficient mutants of Chlamydomonas. The LHC II kinase gene is in the cell nucleus, as are lhc genes, formerly known as cab (chlorophyll a-b protein) genes, encoding LHC II polypeptides. The Chlamydomonas LHC II kinase, identified in a 'state transition thylakoid' mutant, was termed Stt7 (Depege et al. 2003) , while its 'state transition nucleus' homologue in Arabidopsis was termed Stn7 (Bellafiore et al. 2005) . Related kinases act on reaction centre polypeptides and are termed Stn8 (Depege et al. 2003 , Bellafiore et al. 2005 , Bonardi et al. 2005 , Vainonen et al. 2005 , Reiland et al. 2011 . LHC II kinase activity requires an intact cytochrome b 6 -f complex with which the kinase interacts (Shapiguzov et al. 2016 ). The phospho-LHC II phosphatase was also identified by screening for chlorophyll fluorescence mutants (Pribil et al. 2010 , Shapiguzov et al. 2010 . Activation of the kinase Stn7 requires occupancy of the plastoquinol binding site of the cytochrome b 6 -f complex (Vener et al. 1997 , Zito et al. 1999 ). The kinase is inactivated by reduced thioredoxin (Rintamaki et al. 2000 , Puthiyaveetil 2011 ), essentially turning off state transitions at higher light intensities, when increased quantum yield of primary photochemistry is not required, and better suppressed (Brinkert et al. 2016) .
State transitions are changes in optical absorption cross-section
Prior to the discovery of the role of LHC II phosphorylation, regulation of excitation energy distribution was widely thought to involve 'spillover' to photosystem I of excitation energy surplus to the capacity of photosystem II to use it in reaction centre photochemistry, that is, in charge separation. Two sets of observations counted against this model, and suggested instead that the optical absorption cross-section of photosystem I increased as that of photosystem II Physiol. Plant. 161, 2017 Fig. 1 . Depiction of complementary changes in absorption cross-section of photosystems (PS) I and II during state transitions in chloroplasts. Electron transport (blue) is coupled to proton (H + ) translocation (red) across the thylakoid membrane. PS I and PS II are connected in series by plastoquinone. The reduced quinone pool, QH 2 , activates a protein kinase that causes a chlorophyll-binding light harvesting protein (green) to become phosphorylated and to move from photosystem II to photosystem I. When the quinone pool is oxidized, Q, the kinase is inactive, and a phosphoprotein phosphatase activity returns the light-harvesting protein from photosystem I to photosystem II.
decreased. The first was lateral migration of phosphorylated LHC II. 32 P-labelled proteins moved between thylakoid domains, from photosystem II-rich grana stacks to unstacked domains originating from stroma lamellae or grana margins (Andersson et al. 1982) . At the time it was unclear whether phospho-LHC II moved in its complex with photosystem II; however, mounting evidence for lateral separation of photosystem I and photosystem II in thylakoid membranes made it simpler to suppose that LHC II moved, physically, between the two photosystems. Lateral movement of LHC II after its phosphorylation was also a conclusion from freeze-fracture electron microscopy (Simpson 1983) and from electron microscopy of immuno-gold-labelled chloroplasts (Bassi et al. 1988) . Lateral movement of phospho-LHC II to unappressed thylakoids is also observed by single-particle tracking (Consoli et al. 2005 ). An independent set of observations indicating complementary changes in the absorption cross-section of the two photosystems arose from re-interpretation of fluorescence induction transients and 77 K fluorescence emission spectra (Horton 1983) . A simplified scheme of reversible plastoquinone redox-controlled protein phosphorylation in chloroplast state transitions is depicted in Fig. 1 .
The idea of 'spillover' of excitation energy from photosystem II to photosystem I in light-state 2 persisted for red algae and cyanobacteria (Biggins et al. 1984) , and the proposal of lateral movement of the light-harvesting, membrane-extrinsic phycobilisome (Allen et al. 1985) , analogous but unrelated to LHC II, was not readily accepted. Decreased energy transfer to photosystem II in cyanobacterial cells in state 2, when plastoquinone became reduced, was demonstrated by fluorescence experiments on cyanobacterial cell suspensions (Mullineaux et al. 1986 ). The complementary increase in energy transfer to photosystem I was suggested by 77 K fluorescence emission spectra (Allen et al. 1985) , and demonstrated directly by increased yield of photosystem I photochemistry at limiting intensities of phycobilisome-absorbed light (Tsinoremas et al. 1989 , Mullineaux 1992 . The lateral mobility of phycobilisomes is also supported by fluorescence lifetime studies (Mullineaux and Holzwarth 1991) and fluorescence microscopy (Mullineaux 2008) . There seems to be no agreed mechanism for reallocation of light-harvesting phycobiliproteins between photosystem I and photosystem II during cyanobacterial and red algal state transitions. Freeze-fracture particles adopt linear arrays in state 1 (Olive et al. 1986 ) that are seen also for cyanobacterial photosystem II in crystals of a 'native-like' superstructure (Hellmich et al. 2014) , and similar changes accompany state transitions also in phycocyanin-less cyanobacterial mutants (Vernotte et al. 1990 ). While mechanisms may differ, the overall process of excitation energy redistribution between photosystems is functionally the same in phycobilisome-containing organisms as in green plants and algae Allen 1987, Allen 1992b) , as outlined in Fig. 2 . In state 2 excitation energy otherwise lost to heat in a photoprotective mechanism (Ruban et al. 2007 , Cogdell and Gardiner 2015 , Harris et al. 2016 , Kirilovsky and Kerfeld 2016 is conserved by photosystem I photochemistry, and the result is an overall gain in quantum efficiency. In all cases, however, plastoquinone redox control allows state transitions eventually to move light-harvesting pigment molecules between the two photosystems in proportion to the capacity of the two reactions centres to use the absorbed excitation energy in photochemistry. It now seems to be generally agreed for algae and green plants (Wollman 2001 , Allen 2003b , Goldschmidt-Clermont and Bassi 2015 , Nawrocki et al. 2016 ) that light-states 1 and 2 are states of physiological adaptation that maximize quantum yield of photosynthesis at limiting light intensity (Bonaventura and Myers 1969 , Murata 1969 , Myers 1971 .
Multiple thylakoid phosphoproteins
Mass spectrometry identifies a number of chloroplast phosphoproteins and their phosphorylation sites in Chlamydomonas and higher plants (Vener 2007 , Baginsky 2016 . A general rule seems to be that phosphorylation occurs within N-terminal, surface-exposed domains, as suggested originally by results from trypsin proteolysis of thylakoid membranes and mass spectrometry of the products . A map of phosphorylation sites in relation to structure of a photosystem II supercomplex suggests roles in supercomplex disassembly and in the D1 repair cycle (Puthiyaveetil and Kirchhoff 2013) .
Autoradiography of 32 P-labelled SDS gels of pea thylakoids reveals at least 13 phosphorylated polypeptides (Silverstein et al. 1993b) . By potentiometric redox titration the midpoint potential, E m , of the extent of phosphorylation at pH 7 is +38 mV, n = 1. This value is consistent with control being exerted by the redox state of PQ/PQ
•− , either at the acceptor side of the bicarbonate-depleted photosystem II reaction centre (Brinkert et al. 2016) or within the cytochrome b 6 -f complex. Most of the polypeptides resolved, including LHC II and psbH, become more phosphorylated at lower potentials than E m , while for two, at 46 and 63 kDa, the sign is reversed so that phosphorylation increases with increasing potential, when plastoquinone is oxidized (Silverstein et al. 1993b ). For all thylakoid phosphoproteins, dephosphorylation in the dark is independent of redox potential (Silverstein et al. 1993a) , confirming the assumption ) that redox regulatory control applies to the protein kinase and not to the phosphoprotein phosphatase.
The 9 kDa phosphoprotein, psbH
Protein sequencing identified the 9 kDa phosphoprotein reported by Bennett (1977) as the product of the chloroplast psbH gene (Farchaus and Dilley 1986) . Its phosphorylation, including at Threonine-2 (Michel and Bennett 1987) , is light-and redox-dependent, as is that of LHC II, while dark dephosphorylation of the psbH protein is slower than that of LHC II Findlay 1986, Reiland et al. 2011) , suggesting either the action of different phosphoprotein phosphatases or else a phosphorylation sites with different accessibilities to a single enzyme. The latter possibility can easily be envisaged if phospho-psbH remains with grana stacks while phospho-LHC II does not. The psbH protein was predicted from amino acid composition to be a single transmembrane helix, chlorophyll-binding protein with sequence similarity to the first of the three transmembrane helices together with the phosphorylated N-terminal domain of LHC II (Allen and Findlay 1986) . Unlike LHC II, psbH is present in cyanobacteria, where is seems not to be a phosphoprotein. Photosystem II structures, for example those of Wei et al. (2016) for chloroplasts and Umena et al. (2011) for a cyanobacterium, show psbH within the core antenna system where it is possible to imagine its phosphorylation in chloroplasts playing a role in regulation of excitation energy transfer to the reaction centre. figure) and in cyanobacteria or red algae (lower figure). In the latter the mobile, membrane-intrinsic light-harvesting chlorophyll-protein is functionally replaced by a membrane-extrinsic light harvesting phycobilisome (Allen et al. 1985) .
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Photosystem II reaction centre phosphoproteins
The photosystem II apoproteins D1 and D2 at 32 and 34 kDa are products of chloroplast genes psbA and psbD, and both are phosphorylated at threonine-2 (Reiland et al. 2011) in a light-and redox-dependent reaction. The effect of reaction centre core phosphorylation is to maintain the rate of photosystem II electron transport at light intensities that would otherwise result in its photoinhibition (Harrison and Allen 1991) . While the mechanism of this effect is unknown, it is interesting to consider the possibility that phosphorylation on the acceptor side of the photosystem II reaction centre favours forward electron transport from Q A to the plastoquinone pool over the back reaction to pheophytin or to the donor side, analogous to the effect of weak bicarbonate binding in the vicinity of the iron atom between Q A and Q B (Brinkert et al. 2016 ). Phosphorylation of photosystem II reaction centre core polypeptides also plays a key role in the photosystem II repair cycle by which the D1 polypeptide is replaced. There is evidence for a role of photosystem II core phosphorylation in facilitating the degradation of photodamaged D1 (Baena-González et al. 1999 , Tikkanen et al. 2008 , Theis and Schroda 2016 .
Inner antenna proteins
The inner antenna of photosystem II is formed of two chlorophyll-proteins, CP47 and CP43, products of the chloroplast genes psbB and psbC, respectively. Each has six transmembrane helices and their amino acid sequences provide additional indication of homology with segments of the larger reaction centre apoproteins of photosystem I. CP 43 is phosphorylated at threonine-15 (Reiland et al. 2011) .
CP29 is a chlorophyll-binding protein and product of the nuclear gene Lhcb4. It has multiple phosphorylation sites, some of which are phosphorylated only in state 2 (Kargul et al. 2005, Fristedt and Vener 2011) . As with the other phosphoproteins of photosystem II, CP29 is phosphorylated near its N-terminus, on the stromal-exposed (N-phase) of the thylakoid. While the molecular mechanism is unknown, it is clear from experiments with Chlamydomonas thylakoid fractions that CP29 moves upon phosphorylation from photosystem II in grana stacks to photosystem I in unappressed thylakoids (Kargul et al. 2005 , Takahashi et al. 2014 ).
The photosystem II supercomplex
This complex is seen in blue-native gels and is formed upon phosphorylation of photosystem II core subunits including CP43 (Dietzel et al. 2011) . Supercomplex generation requires the lumenal subunit Psb27 and occurs even in Arabidopsis stn7 mutants incapable of state transitions (Dietzel et al. 2011) . Nevertheless state transitions occur in a psb27 mutant incapable of supercomplex formation, and state transition kinetics are then increased (Dietzel et al. 2011) . A map of phosphorylation sites in the photosystem II supercomplex is consistent with their separate functional effects (Puthiyaveetil and Kirchhoff 2013) and structural reorganization of photosystem II chlorophyll-binding proteins is described (Kargul and Barber 2008) . A proportion of LHC II serves as the antenna of photosystem I in Arabidopsis chloroplasts adapted to increased light intensity (Wientjes et al. 2013b ). In addition, individual LHC II trimers, termed S and M, remain connected to photosystem II upon phosphorylation, indicating that specific trimers migrate to photosystem I (Wientjes et al. 2013a, Crepin and Caffarri 2015) . Trimers may be composed of different individual polypeptide chains, giving homotrimers and heterotrimers with specific mobilities and kinetics of phosphorylation (Leoni et al. 2013 , Pietrzykowska et al. 2014 , Crepin and Caffarri 2015 . In Arabidopsis, trimers termed M and S remain bound the photosystem II supercomplex even when phosphorylated on chains Lhcb-1 and Lhcb-2 (Crepin and Caffarri 2015) .
Remodelling of supercomplexes has received special attention in the green alga Chlamydomonas reinhardtii (Minagawa 2011) where a large increase in photosystem I antenna size accompanies incubation of cells in darkness and under anaerobic conditions, consistent with the idea that photosystem I cyclic photophosphorylation is favoured in state 2 (Minagawa 2013 ). Nevertheless, comparison of wild-type with LHC II kinase-and plastocyanin-deficient mutants suggests clearly that state transitions in Chlamydomonas induce complementary changes in the antenna size of the two photosystems, thus serving to redistribute excitation energy and to enhance quantum yield (Nawrocki et al. 2016) .
What does phosphorylation do to LHC II?
Structures of LHC II in its unphosphorylated state have been obtained by cryo-EM of 2-D crystals (Kühlbrandt 1994) and by X-ray diffraction by 3-D crystals from spinach and pea (Liu et al. 2004 , Standfuss et al. 2005 . As shown in Figs 3 and 4 , the complex is a trimer of polypeptides, each monomer (Fig. 3) having three membrane-spanning helices and non-covalently binding carotenoids and 14 chlorophyll molecules; 8 of chlorophyll a and 6 of chlorophyll b. The X-ray structure from spinach is presented within a complete photosystem II supercomplex obtained by single-particle cryo-EM, Physiol. Plant. 161, 2017 Standfuss et al. (2005) and rendered using Chimera (Huang et al., 1996) from the PDB file 2BHW. The view is parallel to and within the thylakoid membrane with the stromal side (N-phase) at the top. From right to left in the graphic the three transmembrane helices are A, B, and C and the lumenal, amphipathic helices are D and E. The residue ALA 10 is the N-terminal limit of the resolved structure.
Fig. 3. The monomer (chain A) of pea LHC II as obtained by
where additional, monomeric, forms of LHC II are also resolved (Wei et al. 2016) .
Whatever its oligomeric state, a proportion of LHC II is clearly an exception to the rule that each photosystem has its own, specific complement of light-harvesting pigments and pigment-proteins. LHC II becomes post-translationally modified, by phosphorylation of one or more threonine side chains close to the amino terminus. Upon phosphorylation, a subpopulation of LHC II migrates away from photosystem II and functions instead as part of the light-harvesting antenna of photosystem I.
Molecular recognition and protein-protein interactions
Following the precedent of the resolved structural change upon phosphorylation of serine-14 in a soluble enzyme, rabbit glycogen phosphorylase (Barford et al. 1991, Johnson and Barford 1993) , it was proposed that phosphorylation of LHC II induces a local change in secondary structure around its surface-exposed, N-terminal phosphorylation site, as the phosphate group shields fixed, positively charged side chains that otherwise prohibit helix formation (Allen 1990 (Allen , 1992b (Allen , 1992a . This model stands up well to nuclear magnetic resonance spectroscopy (NMR) and Fourier transfer infra-red spectroscopy (FTIR) investigations on synthetic peptides and the native protein , Allen and Forsberg 2001 . Support for a conformational change of this kind has been obtained from electron paramagnetic resonance (EPR) spectroscopy (Jeschke et al. 2005) . The basic side-chains flanking the phosphorylation site are crucial for this interpretation and are predicted to be required for the conformational change, and thus for the state 2 transition. Recognition of the phosphorylation site by the LHC II kinase also requires two basic adjacent, N-terminal residues . Site-directed replacement of RK with RR favours substrate recognition and increases the rate of phosphorylation ). 3-D structural studies can be expected to distinguish between kinase recognition and the predicted conformational change in interpreting effects of site-directed mutagenesis on the state 2 transition. In addition, it will be important to Fig. 4 . The trimeric structure of pea LHC II as obtained by Standfuss et al. (2005) and rendered using Chimera (Huang et al., 1996) from the PDB file 2BHW. The view is from the stromal side of the thylakoid membrane (N-phase). The residue ALA 10 is the N-terminal limit of the resolved structure.
determine which of the basic side chains flanking the phosphorylation site might be screened electrostatically from each other by the negative charge of the phosphate group. In pea these side chains are arginine-1, lysine-2, lysine-7 and lysine-8. These are at −4, −3, +2 and +3 from the phosphothreonine, Thr-5. All except lysine-7 would be approximately one alpha-helix-turn away from Thr-5, and close to the phosphate group in phospho-LHC II. Glycogen phosphorylase has basic side chains at −2, −3, −4 and +2 from the phosphorylation site, serine-14. The analogous positions of basic side chains adjacent to their phosphorylation sites are consistent with a phosphorylation-induced local alpha-helix in LHC II as seen in X-ray structures of the two forms of glycogen phosphorylase. In contrast, a completely different mechanism of regulation by phosphorylation is resolved in the enzyme isocitrate dehydrogenase from Escherichia coli, where the protein shows no global Physiol. Plant. 161, 2017 structural change, and is inactivated by the phosphate group on an internal serine, Ser-114, presenting an electrostatic and steric obstacle to substrate binding (Hurley et al. 1990 ).
Replacement of its phosphorylated threonine or serine residue with glutamate or aspartate is predicted to lock LHC II into its phosphorylated, state 2 conformation, though this will not necessarily be the result if the phosphoryl group of phospho-LHC II itself forms salt bridges that underlie the conformation change. Furthermore, if phospho-LHC II resembles glycogen phosphorylase a (Barford et al. 1991) , then the phosphate will be required for salt bridge interactions with basic side chains of another polypeptide chain, perhaps a neighbouring LHC II in the same trimer, in a different LHC II trimer, or in another protein. It will be important to know whether inter-chain interactions involve LHC II or other polypeptides, including psaH, L, and I and LHC I of photosystem I, and whether phosphorylation serves to recruit additional regulatory co-factors, in the way that glycogen phosphorylase a requires AMP for activity (Barford et al. 1991) .
Evidence for phosphorylation inducing the LHC II conformational change
2-D NMR data on the synthetic phosphopeptide ) are interpreted as evidence for the small, compact structure shown in Fig. 5 . At the N-terminus of an LHC II in the photosystem II or I supercomplex, intra-peptide salt bridge interactions are likely to be replaced by interactions with other, adjacent side chains. Alternatively, a compact N-terminus such as that seen in the free phosphopeptide (Fig. 5) could present an obstacle either to LHC II trimer formation or to the trimer binding to the photosystem II core antenna system. It furthermore remains to be seen whether such a small, local, secondary structure functions as a new recognition surface or as a 'plug-in' module for insertion and reattachment of LHC II to photosystem I. Induction of a global conformational change could create a docking surface and a variety of contact points for functional interaction with photosystem I.
The structural effect of phosphorylation of pea LHC II is the subject of molecular dynamics simulations (Ding et al. 2014) . In this study, the 9 N-terminal amino acid residues are added, by homology modelling, to the crystal structure of Standfuss et al. (2005) , and three forms of LHC II are simulated: the unphosphorylated trimer; the trimer phosphorylated at Thr-5 on all three chains; and the trimer phosphorylated at both Ser-3 and Thr-5 on all three chains. The two phosphorylated forms cover possibilities suggested by synthetic peptides as model substrates (Michel and Bennett 1989) . The results of the simulation indicate decreased H-bond contacts suggesting a global conformational change in the structure of the LHC II monomer upon phosphorylation (Ding et al. 2014) . The largest effects are seen at the N-terminus around the phosphorylation site itself, while surface-exposed loops on both sides of the membrane also contain residues with altered interaction both within and between trimers (Ding et al. 2014) . In contrast, the membrane-spanning helices are relatively unaffected, supporting the idea of a rigid core with flexible termini, as concluded from EPR studies (Dockter et al. 2012) . Ding et al. (2014) also report eventual reorientation of the transmembrane helices and transfer of the phosphorylation-induced conformational change from the stromal N-terminus to lumenal loops and the two small lumenal amphipathic helices.
The structure of pea LHC II as obtained by Standfuss et al. (2005) is depicted in Figs 3 and 4. In the PDB file 2BHW all three chains A, B, and C are traced with an N-terminus at Alanine-10, and so no information is available for the disordered N-terminal domain containing the phosphorylation site and otherwise corresponding to the synthetic phosphopeptide shown in Fig. 5 . In the comparable structure from spinach, 1RWT, the N-terminus is disordered beyond Serine-14.
Resolving molecular recognition between LHC II and photosystems I and II
The structure described for photosystem I from pea chloroplasts (Amunts et al. 2010 , Mazor et al. 2015 reveals plant photosystem I to be monomeric, unlike the trimeric photosystem I of cyanobacteria (Jordan et al. 2001) . Trimer formation in plant photosystem I may be prohibited by the presence of a single-helix subunit not found in cyanobacteria, PsaH, mutational analysis of which indicates that it is a requirement for binding of phospho-LHC II (Lunde et al. 2000 , Haldrup et al. 2001 . LHC II binding requires additional small photosystem I subunits, including a 4 kDa protein termed psaI that is thought to provide an LHC II docking site together with psaH (Lunde et al. 2000 , Haldrup et al. 2001 ) and psaL (Plöchinger et al. 2016) . The four monomeric LHC I subunits of photosystem I may also be required (Wang and Grimm 2016) . The binding affinity of PsaI/H/L for phospho-LHC II may be greatest on the lumen-exposed side of the membrane although the phosphorylation site itself is on the stromal side. In this event, the transmembrane structural changes suggested by LHC II molecular dynamics simulations (Ding et al. 2014) will be an essential feature of guided molecular recognition. The corresponding to the surface-exposed N-terminus of one chain of pea LHC II. Tp is phospho-threonine in position 5. The structure is rendered using Chimera (Huang et al. 1996) . In contrast, the unphosphorylated peptide is disordered and unresolved . For the PDB file see Appendix S1.
state 2 transition may also be favoured by an intact light-harvesting complex I antenna (Benson et al. 2015 , Bressan et al. 2016 .
Each plant photosystem I carries four monomeric LHC I proteins, homologues of LHC II, arranged in a 'cescent moon shape' around the opposite side of the complex to PsaH, when viewed normal to the membrane plane (Amunts et al. 2010 , Mazor et al. 2015 , Qin et al. 2015 . Around psaH is a space almost symmetrical with the 4× LHC I 'crescent moon'. Were this space to be filled with 4× monomeric phospho-LHC II molecules, the twofold, non-crystallographic symmetry of plant PS I would be completed, and 4 × 14 = 56 chlorophyll molecules (32 Chl a and 24 Chl b) would enlarge the light-harvesting antenna by 56/167 = 33%, which is larger than functional estimates of the increase in the optical absorption cross-section of photosystem I upon complete phosphorylation of LHC II during the transition to light-state 2 (Allen 1992b) . In contrast, addition of a single trimer of LHC II to photosystem I in state 2 is suggested by EM of Arabidopsis digitonin-solubilized material, giving a resolution of about 16 Å Boekema 2005, Kouril et al. 2005 ). This would add 3 × 14 = 42 chlorophylls, increasing photosystem I absorption cross-section by 25%. Comparable work with the green alga Chlamydomonas shows that a monomeric antenna protein attaches to PS I in state 2 (Kargul et al. 2005 , Takahashi et al. 2006 . Also in Chlamydomonas, there is a report that six to seven additional LHC I proteins are added to PS I in state 2, with no apparent participation of LHC II (Subramanyam et al. 2006) . There is clear conflict and controversy in these observations and in predictions of the composition of photosystem I in state 2. It is an open question whether LHC II is added to the reaction centre of photosystem I as a monomer, as a trimer, or as some combination of the two. Direct interaction between LHC II and photosystem I in Triton-solubilized material has been observed by freeze-fracture EM, and accompanies energy transfer from chlorophyll b, contributing to photosystem I fluorescence emission at 77 K , Galka et al. 2012 .
In Arabidopsis, the LHC II L-trimer ('L' for 'loosely-bound' to photosystem II) contains Lhcb-1 and Lhcb-2 chains and forms part of the antenna of photosystem I when Lhcb-2 is phosphorylated (Crepin and Caffarri 2015) . Crepin and Caffarri (2015) conclude that phosphorylation of only one polypeptide chain of the L-trimer is sufficient for formation of the LHC II-PS Physiol. Plant. 161, 2017 I complex; that this chain is Lhcb2; and that its binding site with photosystem I involves a direct interaction of the phosphothreonine with PsaH.
One approach to resolving the structure of phospho-LHC II and its binding site would be to isolate, purify and crystallize the phospho-LHC II-PS I complex from phosphorylated thylakoids according to a method, for photosystem I alone, such as that of Ben-Shem et al. (2003a , 2003b ). Attachment of four phospho-LHC II monomers to PS I would be expected to increase its total mass from 525 to about 670 kDa. In contrast, attachment of one trimer (Kouril et al. 2005) should increase total mass to about 634 kDa. The exact location of the N-terminal phosphorylation site and the polypeptide composition of LHC II trimers both differ between pea, spinach, Arabidopsis and Chlamydomonas. It is therefore possible that the composition of the phospho-LHC II-photosystem I supercomplex is species-specific.
Spatial scales of resolution of interactions -cellular, supramolecular, molecular and atomic
Structures of Arabidopsis chloroplast photosystem 1 in state 2 have been obtained by cryo-EM and show electron densities that correspond to those of the LHC II trimers resolved by X-ray crystallography. The LHC II trimer appears to be attached to the periphery of photosystem I at a site opposite to that occupied by the four monomeric LHC I (lhca) components. This LHC II binding site is occupied by psaH, psaI and psaL, mutant plants of which are impaired in the ability to make the transition to light state 2 (Yadav et al. 2017) . Cryo-EM also shows smaller electron densities attached to photosystem I in state 2 (Yadav et al. 2017) , and these are suggested to correspond to CP29 or to monomeric LHC II. The presence of a chloroplast equivalent of respiratory complex I (NADH dehydrogenase) in Arabidopsis photosystem I particles (Yadav et al. 2017 ) is consistent with state 2 favouring an increase in quantum yield of cyclic photophosphorylation in photosystem I (Allen 1984 (Allen , 2003a . There is agreement that LHC II from photosystem II binds to photosystem I in state 2 and contributes to its increased antenna size (Galka et al. 2012 , Drop et al. 2014 . From the viewpoint of the 'molecular recognition' model (Allen 1990 , 1992b , 1992a , Allen and Forsberg 2001 , Ding et al. 2014 forces operating over atomic distances induce a local change of secondary structure in LHC II that entails tertiary structural changes and quaternary changes of LHC II oligomeric state and protein-protein interactions.
It should be noted that electrostatic forces over longer distances are envisaged in 'surface charge' models. Electrostatic forces acting perpendicular to the membrane plane contribute to thylakoid stacking (Barber 1982 , Puthiyaveetil et al. 2017 ). Repulsion of phosphorylated LHC II from photosystem II and its attraction by photosystem I have been proposed to move LHC II laterally, within the thylakoid membrane (Barber 1982) . This view tended to reconcile effects of protein phosphorylation with earlier ideas of regulation of excitation energy distribution by means of altered cation concentration on membrane surface electrical change and on the extent of thylakoid stacking (Arntzen and Ditto 1976 , Burke et al. 1978a , 1978b , Barber 1980 , 1982 . The surface charge model for lateral movement of LHC II appears to lack testable predictions concerning effects of phosphorylation on protein 3-D structure.
Structures of cyanobacterial photosystem II reaction centres from femtosecond time-resolved free electron laser X-ray crystallography at room temperature focus on the electron donor side in order to resolve interatomic distance changes that occur within the catalytic mechanism of water oxidation (Kupitz et al. 2014) . Two structures for the S1 and S3 state of the water oxidation cycle show little or no change at the acceptor side, although there are subtle differences from structures obtained at cryogenic temperatures (Young et al. 2016) . These differences include rotation of transmembrane helices and amino acid side chains. After two flashes, plastoquinone is reduced by one electron at the Q B site and structural changes accompany non-physiological reduction of the iron atom between Q A and Q B (Suga et al. 2017) . It may be possible eventually to apply free-electron laser crystallography to the two whole photosystems in order to resolve changes in interatomic distances during the earliest events initiating state transitions. At lower resolutions, in situ cryo-electron tomography (Engel et al. 2015) in principle provides a means of studying the changes in photosynthetic membrane protein distribution and interactions.
High-resolution structures for complete photosystem II and photosystem I in both states 1 and 2 are required for further understanding of molecular recognition in state transitions. These structures could come from X-ray crystallography, single-particle cryo-EM or NMR spectroscopy. The structural changes occurring during the transitions themselves could then be inferred, addressing many of the questions surrounding the interactions of the peripheral antennae with reaction centre cores, as well as the plastoquinone redox signal that initiates these changes. State transitions take place at physiological temperatures. They therefore require protein conformational change, and structural flexibility; processes usually considered to be absent at cryogenic temperatures and from crystals.
Taking all these factors into account, we need atomic-resolution structural information in order to increase understanding of the altered pathway of energy transfer that results from re-assignment of the light-harvesting function of LHC II between photosystem I and photosystem II. We may also find unexpected contexts by means of which to re-interpret the mechanism and role of regulation of light-harvesting function and membrane protein-protein interactions.
